ABSTRACT Neuronal exocytotic membrane fusion occurs on a fast timescale and is dependent on interactions between the vesicle SNARE synaptobrevin-2 and the plasma membrane SNAREs syntaxin-1a and SNAP-25 with a 1:1:1 stoichiometry. Reproducing fast fusion rates as observed in cells by reconstitution in vitro has been hindered by the spontaneous assembly of a 2:1 syntaxin-1a:SNAP-25 complex on target membranes that kinetically alters the binding of synaptobrevin-2. Previously, an artificial SNARE acceptor complex consisting of 1:1:1 syntaxin-1a(residues 183-288):SNAP-25:syb(residues 49-96) was found to greatly accelerate the rates of lipid mixing of reconstituted target and vesicle SNARE proteoliposomes. Here we present two (to our knowledge) new procedures to assemble membrane-bound 1:1 SNARE acceptor complexes that produce fast and efficient fusion without the need of the syb(49-96) peptide. In the first procedure, syntaxin-1a is purified in a strictly monomeric form and subsequently assembled with SNAP-25 in detergent with the correct 1:1 stoichiometry. In the second procedure, monomeric syntaxin-1a and dodecylated (d-)SNAP-25 are separately reconstituted into proteoliposomes and subsequently assembled in the plane of merged target lipid bilayers. Examining single particle fusion between synaptobrevin-2 proteoliposomes and planar-supported bilayers containing the two different SNARE acceptor complexes revealed similar fast rates of fusion. Changing the stoichiometry of syntaxin-1a and d-SNAP-25 in the target bilayer had significant effects on docking, but little effect on the rates of synaptobrevin-2 proteoliposome fusion.
INTRODUCTION
The plasma membrane SNARE proteins syntaxin-1a and SNAP-25 can form unproductive 2:1 complexes that slow down the rate of synaptobrevin-2 binding (1) and account for the slow rates of traditional SNARE-mediated in vitro fusion assays (2, 3) . In vitro fusion can be greatly accelerated by preventing the formation of a 2:1 complex by utilizing a 1:1:1 acceptor complex of syntaxin-1a, SNAP-25, and a short synaptobrevin-2 peptide (residues 49-96) that is termed the ''DN complex'' (4). Full-length synaptobrevin-2 readily binds this complex, replacing the shorter peptide. Upon using this acceptor complex in single liposome and single vesicle assays, average fusion times of 20 ms and faster have been observed (5, 6) .
The DN complex has been a useful tool in studying effects of membrane composition and curvature on fusion (7-10), but understanding how fast fusion, as observed in cells, can be reproduced without resorting to artificial SNARE complex components is of great interest. Traditionally, syntaxin-1a is purified in bOG (octyl-b-D-glucoside) (2, (11) (12) (13) (14) or sodium cholate (3, 4, 9) , and allowed to assemble into an acceptor complex with soluble SNAP-25a during coexpression in Escherichia coli or postexpression in cholate, CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), or bOG. Depending on input stoichiometries and other conditions, this results, to different degrees, in the formation of a 2:1 syntaxin-1a:SNAP-25a complex that does not readily bind to synaptobrevin-2 (4, 5) . We found that the oligomeric state of syntaxin-1a is dependent on the purification and assembly detergent and that an exclusively monomeric syntaxin-1a can be produced in DPC (dodecylphosphocholine) (15) . Here we present two (to our knowledge) new procedures to form SNARE acceptor complexes capable of fast in vitro fusion. In the first procedure, we mix monomeric syntaxin-1a with soluble SNAP-25 and purify the assembled SNARE acceptor complex by anion exchange in DPC. In the second procedure, we reconstitute monomeric syntaxin-1a into proteoliposomes and mix them to form a planar-supported bilayer with liposomes containing quadrupally dodecylated SNAP-25, which then spontaneously assemble in the plane of the membrane to form a fusion-competent SNARE acceptor complex.
RESULTS
Syntaxin-1a (residues 183-288) was prepared in DPC as previously described in Liang et al. (15) , and combined with Cys-less soluble SNAP-25 as described in the Supporting Material. Alternatively, we expressed wild-type SNAP-25 and used alkylation with dodecyl chains to the four native cysteines as described in the Supporting Material. This form of SNAP-25 (d-SNAP-25) closely resembles palmitoylated SNAP-25, which is the predominant form in neurons or SNAP-25-expressing insect cells (16, 17) . SNARE acceptor complexes were formed from these products by assembly in DPC or in the plane of supported bilayers, respectively, and their activities were compared with SNARE acceptor complexes prepared, with or without the syb49-96 peptide, in more traditional fashion. Bulk ensemble lipid mixing assays show that 1:1 SNARE acceptor complexes prepared in DPC or with lipidated SNAP-25 in proteoliposomes fused almost as fast as DN complex, and much faster than syntaxin:SNAP-25 complexes prepared in CHAPS (Fig. S1 ). These bulk assays report the overall kinetics over docking and fusion without distinguishing between them. To separate the docking and fusion steps of the overall fusion reaction, we reconstituted the different SNARE acceptor complexes into planar-supported bilayers. As expected from previous studies, the DN complex showed a much higher docking efficiency than the syntaxin:SNAP-25(CHAPS) complex (4, 5) , while the syntaxin:SNAP-25(DPC) complex purified in DPC docked synaptobrevin-2 vesicles docked almost as efficiently as the DN complex (Fig. 1 b; Fig. S2 ). The reasons for the different docking results are that in CHAPS, a predominantly 2:1 complex is formed (4), whereas in DPC, sytaxin-1a tends to be monodispersed (15) (Fig. S3) , which results in a predominantly 1:1 complex (Fig. S4) . When proteoliposomes containing DPC-purified syntaxin1a and d-SNAP-25, respectively, were combined to form acceptor complexes by coassembly in the supported bilayer, the docking efficiency increased with increasing amounts of d-SNAP-25, reflecting the increased probability of forming active 1:1 SNARE acceptor complexes (Fig. 1 b) .
Fusion of single synaptobrevin-2 proteoliposomes to the different SNARE acceptor complex-containing supported bilayers was examined. Because docking to CHAPS-assembled complexes and single reconstituted SNAREs was so low, potential fusion events were not analyzed in these cases. Representative traces of hundreds of analyzed fusion events under each active complex condition (Table S1 ) are shown in Fig. S5 . Under the conditions of this study, predominantly docking and full fusion events were observed, and hemi-fusion and two-step hemi-to-full fusion events (10) were much less frequent (<2%). Once docked, the fusion probabilities of synaptobrevin-2 proteoliposomes were 30-40%, independent of how the SNARE acceptor complexes were prepared (Fig. 1 c) . The delay time between docking and fusion was measured for each individual fusion event. The cumulative distributions normalized to the fusion probability for each SNARE acceptor complex are shown in Fig. 1, d and e. The fusion kinetics of all events that fused within 5 s are very similar for the DN complex, the DPC-assembled syntaxin-1a:SNAP-25 acceptor complex, and the supported bilayer-assembled 1:1 syntaxin-1a: d-SNAP-25 complex (Fig. 1 d) . As described in Domanska et al. (5) , the initial fast component of the fusion kinetics was examined and fit with a parallel-activation mixed fusion-site model. Similar numbers of activation steps (~7 5 1) were found for each complex, and the fast rates of fusion ranged between 60 and 150 s À1 for all investigated complexes (5).
DISCUSSION
Millisecond timescale fusion of synaptobrevin-2 proteoliposomes was observed with SNARE acceptor complexes that no longer require a nonphysiological peptide to ensure stoichiometric 1:1 syntaxin1a:SNAP-25 acceptor complex formation. The efficiency and rate of fusion of the 1:1 syntaxin-1a:SNAP-25 and the 1:1 syntaxin-1a:d-SNAP-25 complexes closely match those of the previously employed DN acceptor complex. The use of DPC as the purifying and reconstitution detergent for syntaxin-1a appears to be the key ingredient to maintain the monomeric form of syntaxin-1a, presumably because of its tight association with DPC micelles (15) . This form of syntaxin-1a can be assembled either with a soluble form of SNAP-25 in DPC or with a lipidated form of SNAP-25 in lipid bilayers. Although SNAP-25 is multipally palmitoylated in eukaryotic cells (16) , this posttranslational modification has previously not usually been included in attempts to reconstitute SNARE-mediated fusion in vitro (12) . The exact number of palmitates that are attached to each SNAP-25 may be less than four, and may vary depending on physiological conditions; our procedure quantitatively attaches four dodecyl chains, which, however, are shorter by four carbons than the native 16-carbon palmitates.
The similarity of the fusion efficiencies and kinetics of all fusion-competent complexes that were investigated in this study suggests that none of the preparations were limited by a minimal concentration of SNAREs in the membrane that is necessary for fusion (9) . The results also suggest that fusion operates at the intrinsic efficiency of this particular SNARE system, and that this is not controlled by any accessory proteins or calcium. The most significant differences between different SNARE acceptor complex preparations are observed in their different docking probabilities. These likely reflect the concentration of active SNARE complexes with a 1:1 syntaxin-1a:SNAP-25 stoichiometry and support the notion that previous reports of limited efficiencies of overall bulk fusion reactions are the result of inactive oligomeric syntaxin-1a products that are produced by the most common previous SNARE reconstitution procedures. The reported methodological advances on SNARE acceptor complex preparation with the highest possible activities should have a major impact on future reconstitution studies that are aimed at illuminating the roles of effector proteins and calcium that ultimately control the activity of SNAREs in neurons.
SUPPORTING MATERIAL
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Materials
The following materials were purchased and used without further purification: 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-( 
Experimental Procedures

SNARE protein expression, purification, and complex formation
SNARE proteins from Rattus norvegicus cloned in pET28a vector were expressed in E. coli BL21(DE3) cells and purified essentially as described in previous studies (1, 4, 18) , but with the following modifications. The syntaxin-1a (residues 183-288) purification was performed in DPC as described (15) . A cysteine-free variant of SNAP-25a(∆Cys) and wild-type SNAP-25a with four native cysteines were produced. Full-length synaptobrevin-2 and the ∆N synaptobrevin-2 peptide (residues 49-96) were prepared according to the previous procedures. Complexes with equimolar input of syntaxin-1a:SNAP-25a(∆Cys) were made by mixing proteins in the presence of the indicated detergent (DPC or CHAPS) overnight at 4 o C and then purified on a MonoQ column. The ∆N SNARE acceptor complex (1:1:1 input of syntaxin-1a:SNAP-25a:synaptobrevin(49-89)) was prepared as described (4, 5) .
Wild-type SNAP-25 alkylation with dodecyl chains
Following purification on a Ni-NTA column and cleavage of the histidine tag, wild-type SNAP-25a was diluted with 20 mM HEPES, pH 7.1, 500 mM NaCl, 0.1% DPC and concentrated to remove excess imidazole and to introduce DPC detergent. A 20-fold molar excess (over Cys, 80-fold over protein) of DTT was added for 2 hours at room temperature followed by desalting on a PD10 column (GE Healthcare). The fractions containing SNAP-25a were incubated overnight with a 10-fold molar excess (over Cys, 40-fold over protein) of DdMTS, which was added from a 250 mM stock solution in acetonitrile. The resulting d-SNAP-25a sample was purified on a MonoQ column in the presence of 0.1% DPC. Samples were analyzed by MALDI-TOF mass spectrometry for the number of added dodecyl chains (Fig. S6) . MALDI-TOF was performed in the W.M. Keck Biomolecular Mass Spectrometry Laboratory at the University of Virginia School of Medicine.
Reconstitution of SNAREs into proteoliposomes
Proteoliposomes with lipid compositions of 79:20:1 POPC:chol:Rh-DOPE and 80:20 POPC:chol were prepared for vesicle and plasma membrane SNARE proteins, respectively. All SNARE proteins were reconstituted using sodium cholate as previously described (5, 19) . The desired lipids were mixed and organic solvents were evaporated under a stream of N 2 gas followed by vacuum for at least 1 hour. The dried lipid films were dissolved with 25 mM sodium cholate in buffer (20 mM HEPES 150 mM KCl, pH 7.4) followed by the addition of an appropriate volume of SNARE proteins in their respective detergents to reach a final volume of ~180 µL and the desired lipid/protein ratio. After 1 hour of equilibration at room temperature, the mixture was diluted below the critical micellar concentration by adding more buffer to a final volume of 550 µL and the sample was dialyzed overnight against 500 mL buffer at 4 o C with one buffer change. Lipid/protein ratios of 400 were used for synaptobrevin-2 and 3000 for ΔN and syntaxin-1a:SNAP-25 (CHAPS or DPC) complexes. For experiments with d-SNAP25a, d-SNAP-25a and syntaxin-1a were reconstituted into separate proteoliposomes with lipid/protein ratios of 1500 for syntaxin-1a (final lipid/protein ratio in planar supported bilayer is 3000 after dilution with d-SNAP-25a in the membrane) and appropriate lipid/protein ratios for d-SNAP-25a to give the indicated final stoichiometries (2:1, 1:1, and 1:2).
Preparation of planar supported bilayers containing SNARE acceptor complexes
Planar supported bilayers with reconstituted plasma membrane SNAREs were prepared by the Langmuir-Blodgett/vesicle fusion technique as described in previous studies (20) (21) (22) . Quartz slides were cleaned by boiling in Contrad detergent for 10 min, using hot bath-sonication while still in detergent for 20 min, and rinsing thoroughly with deionized water. Immediately before use, the slides were further cleaned for 1 to 2 min in an argon plasma sterilizer (Harrick Scientific, Ossining, NY). The first leaflet of the bilayer was prepared by Langumir-Blodgett transfer directly onto the quartz slide using a Nima 611 Langmuir-Blodgett trough (Nima, Conventry, UK) by applying the lipid mixture of 80:20 POPC:chol from a chloroform solution. After allowing the solvent to evaporate for 10 min, the monolayer was compressed at a rate of 10 cm 2 /min to reach a surface pressure of 32 mN/m. After equilibration for 5 to 10 min, a clean quartz slide was rapidly (200 mm/min) dipped into the trough and slowly (5 mm/min) withdrawn, while a computer maintained a constant surface pressure and monitored the transfer of lipids with headgroups down onto the hydrophilic substrate. Proteoliposomes containing SNARE acceptor complex (77 mM total lipid in 1.3 mL) were added and incubated at room temperature for 2 h to introduce the protein complex and form the second leaflet of the supported bilayer. Excess unfused proteoliposomes were then removed by perfusion with 10 mL of reaction buffer containing 100 µM EDTA. For experiments using d-SNAP-25a, d-SNAP-25a liposomes and syntaxin-1a liposomes were mixed 1:1 and allowed to form the outer leaflet of the planar supported bilayer. Since the concentrations of each protein were diluted two-fold by mixing 1:1 with the other proteoliposomes when forming the planar bilayer, the starting proteoliposomes were prepared at half the desired final lipid/protein ratio.
Total interal reflection fluorescence (TIRF) microscopy
All experiments were carried out on a Zeiss Axiovert 35 fluorescence microscope (Carl Zeiss, Thornwood, NY), equipped with a 63x water immersion objective (Zeiss; N.A. = 0.95) and prismbased TIRF illumination. The light source was an OBIS 532 LS laser from Coherent Inc. (Santa Clara, Ca.). Fluorescence was observed through a 610 nm band pass filter (D610/60; Chroma, Brattleboro, VT) by an electron multiplying CCD (DU-860E; Andor Technologies). The EMCCD was cooled to -70 o C, and the gain was typically set to an electron gain factor of ~240. The prism-quartz interface was lubricated with glycerol to allow easy translocation of the sample cell on the microscope stage. The beam was totally internally reflected at an angle of 72 o from the surface normal, resulting in an evanescent wave that decays exponentially with a characteristic penetration depth of ~100 nm. An elliptical area of 250 x 65 µm was illuminated. The laser intensity, shutter, and camera were controlled by a homemade program written in LabVIEW (National Instruments, Austin, TX).
Single-vesicle fusion assay
SNARE acceptor complex-containing planar supported bilayers were perfused with 3 mL synaptobrevin-2 proteoliposomes (~0.4-0.8 µM lipid) containing 1 mol% Rh-DOPE as a lipid label. The fluorescence from the proteoliposomes was recorded by TIRF microscopy using a 532 nm laser. After focusing the microscope in the first 30 seconds after injecting the synaptobrevin-2 proteoliposomes, 10,000 images were taken at a repetition time of 4.02 ms with a 4 ms exposure time and spooled directly to the hard drive. Ten spooling sets were taken for each prepared bilayer and the averages of each bilayer set were used to determine the efficiencies of fusion.
Single-vesicle fusion data were analyzed using a homemade program written in LabView (National Instruments). Stacks of images were filtered by a moving average filter. The intensity maximum for each pixel over the whole stack was projected on a single image. Vesicles were located in this image by a single-particle detection algorithm described in Kiessling et al. (23) . The peak (central pixel) and mean fluorescence intensities of a 5 x 5 pixel 2 area around each identified center of mass were plotted as a function of time for all particles in the 10,000 images of each series. The exact time points of docking and fusion were determined from the time of docking to the time of fusion for individual fusion events and the fusion efficiency was determined from the number of vesicles that fused compared with the total number of vesicles that docked for each bilayer. Complexes and single SNAREs that exhibited very low docking activity had very few to no events observed at single liposome concentrations and were not analyzed in detail for fusion, except to verify that there was no fusion occurring in the single SNARE cases.
Docking assay
Docking of synaptobrevin-2 proteoliposomes was performed by injecting 5 µM lipid in 2 mL of buffer into the planar supported bilayer chamber. Images were taken every 30 seconds to determine the amount of fluorescence in the TIRF field. The first few images were taken immediately before injection to establish the baseline. The intensities of [insert here approx how many, e.g. 50-100?] individual proteoliposomes in the initial images after injection were used to determine the average intensity per bound proteoliposome. This was then used to calculate the number of bound proteoliposomes per area of the planar supported bilayer at each time point (Figure S2) . The total amount of docking after 480 seconds of recording is reported for each t-SNARE acceptor complex in Figure 1b .
Phosphate and protein assays
Lipid and protein concentrations were regularly determined for prepared samples. Lipid concentrations were assayed by the Bartlett phosphate method (24) modified as described in Pokorny et al. (25) . Protein concentrations were determined with the Pierce BCA protein assay kit from ThermoScientific according to manufacturer's directions.
Ensemble Lipid Mixing Assay
Proteoliposomes were prepared as described above, but with lipid:protein ratios being 500 for both the SNARE acceptor complex and synaptobrevin-2 proteoliposomes. Lipid compositions were 80:20 POPC:cholesterol for acceptor complex membranes and 77:20:1.5:1.5 POPC:cholesterol: Rh-DOPE:NBD-DOPE for synaptobrevin-2 proteoliposomes. Experiments were performed at 25 o C using a SpectraMax M5 (Molecular Devices, Sunnyvale, California) plate reader by measuring NBD dequenching with an excitation wavelength of 460 nm and an emission wavelength of 532 nm and a time resolution of 4 seconds. Proteoliposomes were mixed at a 1:1 ratio and concentrations of 20 µM lipid for the SNARE acceptor complex and synaptobrevin proteoliposomes. 5 µM soluble synaptobrevin-2 peptide (residues 1-96) was used to inhibit fusion of each complex used. After each subsequent fusion reaction 0.1% Triton-X was added to observe the total amount of fluorescence, which was used to correct differences between the total amount probes from different proteoliposome reconstitutions. This data was then normalized to the initial fluorescence signal (F/F0). In both detergents, equal amounts of syntaxin and SNAP25 were mixed and incubated overnight before MonoQ purification. Since SNAP25 is about twice the molecular mass of syntaxin (residues 183-288), the SNAP25 band is twice as strong as the syntaxin band when they are in molar ratio of 1:1 (panel c). However, in panel d (lanes I and J) the syntaxin and SNAP25 bands exhibit about equal stain intensity, indicating the formation of a 2:1 syntaxin:SNAP25 complex in CHAPS. Further proof that syntaxin in DPC is monomeric was provided in Fig. 1D of ref. 15, which showed no spin-spin interaction in EPR spectra of spin labeled syntaxin in DPC. Line-broadening due to Heisenberg spin exchange would have been seen if syntaxin formed dimers or higher oligomers in DPC. These four behaviors were previously characterized using a DiD membrane label and it was shown that traces assigned to full fusion also exhibit simultaneous content release (10) . Under the conditions of the current study (80:20 POPC:chol in the supported bilayers and 79:20:1 POPC:chol:Rh-DOPE in the synaptobrevin-2 proteoliposomes) docking and full fusion events were predominantly observed while hemifusion and two-step fusion events were rare (<2% of the total number of events for each type of t-SNARE complex assembly used in this study). The more frequent observation of hemi-fusion events reported in Kreutzberger et al. (10) is likely the result of different lipid compositions that were used in that previous study. Porcine brain lipids were used in the previous study and synthetic POPC lipid mixtures were used here. The whole spectral window as collected (10-100kDa) for SNAP-25a (top) and dSNAP-25a (bottom). The theoretical molecular masses of unmodified and quadruply dodecylated SNAP-25a are 23907 and 24707, respectively.
